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% bulk glass density after heating at a constant rate. Some oxide additives. such as AlL,O; and 20 ;.
== increased the per cent relative density while others, such as Na,O, decreased it. The achieved per
= cent relative density was compared with crystalization characteristics determined by differentiai
’—‘:‘%:' thermal analysis (DTA) and viscosity determined by the beam-bending method. The per cent
= \(\ relative density showed a good correlaton with the viscosity at the crystallization temperature. the
%'N higher per cent relative density being achieved for systems with the iower VISCOSity at the
==\ crystallization temperature
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Effect of various oxide additives on sintering
of BaO-Si0O, system glass-ceramics

S. SRIDHARAN
Ceramaseal, Division of Ceramx Corporation, New Lebaion. NY 12125 (SA

M TOMOZAWA
Materials Engineering Department. Rensselaer Polytechnic Institute, Troy, NY 12180 USA

Glass-ceramics can be produced by sintening and crystathzation of a pressed glass powder pellet
Crystailization prior to complete densification results in a porous glass-ceramic A smail quantity
of various oxides was added to and meited with 35.7 BaO 64 3 S10,{mol %) glass and the
sintering characteristic of the alass powder was evaluated 1n terms of the dencirv ralative tn the
bulk glass density after heating at a constant rate. Some oxide additives. such as Al,Oy and ZrQ-.
increased the per cent relative density while others, such as Na,O. decreased it The achieved per
cent relative density was compared with crystallization characteristics determined by differential
thermal analysis (DTA) and viscositv determined by the beam-bending method The per cent
relative density showed a good corretation with the viscosity at the ¢rystallization temperature, the

higher per cent relative density being achieved for systems with the lower viscosity at the

crystallization temperature.

1. Introduction
Glass-ceramics can be produced cither by bulk crys.
tallization of formed glass objects [ 1. 2] or by sinter-
ing and crysiallization of pressed  glass powders
{3 127 in one heat treatment. The latter method s
usetul for producing refractory glass-ceramics without
melting refractory glasses,

Sintering a glass-ceramic composition can be done

cither before crystallization by viscous wintering of

glass [57 or after crystallization by diffusion sintering
of crystallized glass-ceramic powders [131. The crys-
tallizanon peak temperature. Jo. in the differential
thermal analysis {DTA) (cf. Fig. 1) trace of the glass
separates the two processes. the sintering temperature
being less than T, for viscous sintering and greater
than 7, for diffusion sintering. Because of relatively
lower sintering temperatures and higher densification
rutes of viscous sintering { 14]. sintering of wlass before
crystallization is preferred.

Viscous sintering of a glass can be done cither
isothermally [10] or at constant heating rate (CHR)
5. F1]. Sintering is usually impeded by crystallization
[11]. Thus under CHR sintering, sintening can be
expected to proceed up to I, The viscous sintering
rite is inversely related to viscosity of the glass. and
because CHR can shift 7 to mgher values compared
to isothermal sintering. lower viscosity regions can be
aceessed before crvstallization. Thus CHR sintering is
especially suitable for sintering glass-ceramies,

The crystallization peak temperature. 7. is a func.
tion of composition and heating rate. At a given heat-
ing rate. additions of a small quantity of other oxides
to a base glass composition can significantly alter the
1. consequently altering the sintering rate of the base

0022 2461« 1992 Chapman & Hull

vlass, Because the viscosity of a ghass decreases expo-
nentially with increasmg temperature. smualdh variations
iz 1, with composition widl cause Large vanations m
viscostty at the erystaflization peak temperature. As
CHR sitenng can proceed up to the envstailization
peak temperature. the viscosity at the orystailization
peak temperature. 1 . mught be o good measure of
the sinterability o glass-ceranues. In addiion to the
crvstallization peak temperature. 7. the ervstallizg-
uon start temperature. TLand envstallization comple-
non temperature. /el Figs bnocan also be used tor
charactenzing the envstiliization. This paper attempty
1o establish the correlation between sinterabiiity and
the viscosity at a crvstathizavoen temperature

Ihe BaOQ S10 . glass-ceramic system was ciosen for
this study because of ity refractory nature, where the
meitng 15 not practicd because of the extremely high
tempenatures mvohed [ 13

2. Theory

Viscous sintering of a pressed glass petlet s treated
separately in three microstructuraliv distingt stages,
termed inttial, ntermediate and tinal. The microstruc-
tural pracesses in these three stages are chiminaton of
negative curvatures between particles, reduction of
open pore volume. and thete eventual conversion to
closed pores and reduction of closed pore volume,
respectivelv, General isothermal denstication hinetics
equittions have been dernived by Frenkel ttwo spherical
particles geometryd for the tnal stage [16]0 by
Scherer (eyvlindrical particles in different cell geomet-
nes) for initial and intermediate stages [17] and by
Mackenzie and Shuttleworth (MS fos short sphernicad
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closed pores geometry) for tinal stage [ 18] These can
be expressed in ditferential torm as

I dinp 7 .
K . - tkrenkel cquation) th
RE 2nRa
MRS
N [ - \ R
= (2C - 3c-at ey
1O, Cav "hiScherer equaiom iy

o 4 ,
Comis 2000700 a0

1MS equationd (e}

where p is the relative (to density of the butk glass)
densaty of the sample. 715 the glass surface free encrgy.
1 is the viscosity of the glass at temperature 7. R, 15 the
inttial particle size iradiusy. 1 the number of pores per
amit volume of the solid phise and s related to the
volume of the solid matenial i o umt cell having
asingle pore. FVooby =11 (. (> are geometric
constants of the model. v = u L. where v and L are the
rudius and length of the cvlinder., ny, is the number of
closed pores per unit volume of the solid matenal. and
d dt is the time dermvative.

Among the various parameters in Equations la c.
ones which change with glass compositions would be
surface energy. v and viscosity. n. Thus the overall
densification of a glass compact with dentical geo-
metry hut different composition should be given by

dFiprdr = «Cvm (]

where Chs wconstant and Foonis a function of relative
Jdensity which increases with increasing relative dens-
iy Furthermore, variation of the surface energy. 7.
with temperature [197 and glass composition [207 s
neghgibly small compared with that of viscosity. In
CHR ~intening. using the heaung rate K = d7 dr
dFipy = 1Co KadT H

where 1y K can be regarded as a constant.
The viscosity of most of the sibicate glasses follow
Fulcher's equation {217 1¢

logn = 4 - BIT - T 4)

where A, B and T, are matenal constants, Substituting
this relation into Bquation 3 and integrating in the
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range of 0 ppoand £ 10 the densiiicalion can be

given

Fipyv— Fipy ~ Oy Kifdl, Iy Bn,1 s

where O s a new comstunt. 7, o~ the inal temperature
and pyoand iy are the relative density and viscosity at
that temperature. (Fo obtain L guatien S the relation-
\hlp
N
drw = [T, ~ T 2303 B ny

H

has been used. Thes integral has been evaluated
Appendix A

Ounce the envstadhzavon takes place the sintening
process practically stops and the manimum sintening
temperitture becomes the ersstaliizution peak temper-
ature. I, Thus

Fiped = Fipol = [Cv KI{eTo - ToF Buy |6

Hecause the sanation of (F, - 7.0 B with composi-
ton i~ much smaller than that of siscosts. this egua-
tionandcates that the mostimportant factor i CHR
sintering of erystalbzable glasses s the viscosty at the
crystailization temperature

3. Experimental procedure

The base glass composiiion chosen for this study was
35T Ba0 633910 imol taewith an $10- BaO rauoe
of X and designated BG. which lies in the middle of
the two-phase tield BS: B.SaB = BaO. S = Si0,u1m
the BaQ SiO, bmary [13] Glassey with addrines
such as ALO L Z00,. B.O L NGO KO BaO. T
SO, and PO« were prepared. The compositions
studied are shownn Table L

Appropriate mole per cents of component powders.
including additives, were nuxed in ethanol and stirred
for 1h to achieve homogenenty o miving. Then the
cthanot was ovaporited inoan wr oven held
70 C Melting was done at 1330 1600 Coma CM
rapid-temperuature furnace. using a 60 mi Pt 20, Rh
crucible. tor about 6h. The melts were poured mto
4 brass mould und allowed to cool 1o room temper-
ature. The bulk glasses thus produced were annealed
at 7000 720 C for th and furnace cooled to room
remperature.

Bulk glasses were crushed and sieved o between
270 and 400 mesh sereens 1o obtam the estimated
particle size range 38 53 pum. Differential thermal
analvsis (DTAY was conducted on these powders. at
1y Crnun © heating rate. using @ Perkan Elmer 1700
model. The amount of the powder used was
090 mg.

Pellets  of swe 0572 ¢m whameter) « 0638 em
therght), were untaxtally cold pressed at 207 MPa
pressure without  binder. Binder  was purposchy
avended to elminate differential densification caused
by the removal of hinder {221 Pressed pellets were
immersed in dastilled water durimyg which any de-
faminated layvers (occurning durtng compactont el
out of the compact. Subsequenthy. the compacts were
dried wair at ~70 Cfor ~ 10h Sitering was done
i a CM rapid furnace fitted with a programmable




FABLE 1 Composition. DTA crysteflization und CHR sintering duta fur glisses studied

Glass Compaosition DTA results? CHR -intering results®
No, Cade Si(?, Ba) Others I, Ia b, M. "
riatio (mol*a) (£S5 Q) *ar Tt
[ BG 1Y X3 H66 180 X7.2 K92
Set A
2 BGP 2.5 1.8 25P,00 X95 9317 3 99
i BGZ 2.5 1.8 28210y %93 91l 390 94 923
] BGRB 2.8 1.8 258,040 bRES 849 382 899 887
N BGA 2.5 )] 25A1L0 Y %77 913 376 Jo.8 94.9
6 BGK 2.5 1.8 2SK.0) X16 XS8 376 %61 89.1
7 BGN 25 R 2.5(Na,O1 753 765 391 NO6 %11
N BGS 2.5 R 2.58i0,) 835 R60 wm v0.§ 9311
9 BGRBa 2.5 1.% 258000 bR N4 186 91.2
0 BGT 2.5 1.¥ 2MTIO %50 X6% 187 X9.X
Set BB
[N BGA 12§ 1.¥ 1L25A0L, 00 K30 KoK 178 95.0
12 BGA S [B.) SOALOW 91 YKO 172 T2 968
11 BGA 7.5 I8 7.5(A1,04) 9RO 9xO" 67 UN g PLR
14 BGA 10 [ HHALO ) 1LY 110 the 363 Yy 990
N BGZ S 1.X 50720 943 9% 92 vss vid4
6 BGZ 75 1.¥ 757620 IR 3 108 uy - V6.2
7 BGZ 10 1.X. HHZrO 0 1008 1 10X AN U0
I8 BGS S 1.8 SISO 826 847 RS | N w4
19 BGH S IX SiB.O0 s7 Ny RS N34 Ni3
20 BGP S 1.8 S0 Yy 944t
21 BGP 078 1.X O75P.00 NAX X7 ix2 6.t
22 BGP 1.3 1.X L3P.00 S84 YK R 960
23 BGP 228 1Y 225040 N4 9lt 174 B 03"
24 BGS 6,67 1% 6.67(810) 1) NS LN 374 N7.2

* Heating rate 10 C min 2 ostimated particle size range 38 S¥pum,

" DTA scan did not have discernable crystadlization peak. ondy o hump due to densitication observed. The temperature corresponding to the

end of the hump was tihen,
* Vistbly phase separated on cooling to room temperisture.

controller. Pellets were placed on an alumina plate
and heated at 10 Cmin ™! up to the desired temper-
ature, Toor 7, + 1 Cand then furnace cooled.

The density of o glass. D,. wus measured using
a femxtemx [ em cube of the anncaled glass by
Archimedes’ method. in distilied water. For the den-
sity of the pressed as well as sintered pellet. the peilet
was tirst weighed in air. M g. Then it was immersed in
distilled water and the entrapped air in the pores was
sucked out by a mechanical pump and maintained
under vacuum for t h, Then the chamber was suddenly
vented to the atmosphere to force water into the small
pores. and the peliet was allowed to remain under
water for an additional hour. The water-souked
weight was measured in air, § g, The immersed weight
of the pellet was also measured using water as the
medium, [ g. The bulk density was caleulated accord-
ing to the formula [23]

MAS - D N

and the relative density was calculited in terms of the
glass density as

“/up - (D.,\,“,D,)XIOO (8)

For euch dute point a minimum of three pellets was
sintered and the average of their densities was taken,
The variation In initlul relative density, (py) was
+ 3% and that in sintered felative density (py o)
was + 2%,

Dhnli =

The viscosity of glasses in the range 107 10 P was
measured by the beam-bending method [24. 251
Samples  of  size 0445¢m (height) x 0.610 ¢cm
(widthy x ~ 4,166 cm (length) were cut from the an-
nealed bulk glass. The sample surface that was in
vontact with the platinum supports was polished
down to the | pm level to eliminate friction between
the saumple and support which could increase the ob-
served viscosity values, The span used was 3125 em,
The sample temperature was maintained. along its
length, within + 2 C. The running conditions were
tested with NBS 711 and NBS 717 standard glasses
[26. 27]. The observed differcnee between log
Nimessured A0 102 Naig wandara (P Was 0.20 in 3o, where
o is the standard deviation of the difference in log n.

For sclected samples. dilitometric shrinkage curves
were obtained at the heating rate of 100 C min ' using
pressed simples of ball-milled powders. The fine ball-
milled powder had to be used in order to prepare
samples strong cnough not to crumble during the
dilatometric measurement. The corresponding crys-
tallization temperatures of the sume ball-milled pow-
ders were also obtuined by performing DTA scans at
10 Cmin-t,

4. Resuits and discussion
Dilutometric shrinkage curves obtained for selected
sumples are shown in Fig, 2. The simering completion
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Figure 2 Selected difatometric shrinkage curves of ball-milled glass

Jowders, at CHR of 10 Cmin ' 7, = sintering completion tem-
perature; for glass codes refer to Table L

TABLE It Dilitometric dati versus DTA resulis®

Giliss Apparent maximum I T Lagn,
inear shrinkage ¢y 4Gy
" .
BG 170 NS %00 N0
BGZ 2.8 14.1 hh S NS§7 825
BGB 2.5 220 XIS R07 L
BGA 2.8 99 870 N67 7.52
BGK 2.5 24 7758 768 93
BGN 2.5 181 782 747 913
BGS 2.5 IN7 X117 812 BRR}
BGT 2.5 16.1 bR} Xl6
BGA S 16.6 860 XXS 780
BGR S 16.5 98 73 NN
BGS § INT XA KM XS)
BGP 225 229 R¥0 KSH T.38

* On ball-milled powder at 10 Cmin ',
" Sintering completion temperature from dilatometry,
* DTA ervstalhzation peak temperature.

temperature. T, is indicated in the figurc and is
tabulated in Table 1L, together with the crystallization
peak temperature, 7,,, obtained from DTA using the
same glass powder heated at the same heating rate
(10 Cmin ') All the glasses in Table Il sintered to
less than full density. These two temperatures are
compared in Fig. 3. From the figure it can be seen that
the sintering completion temperature coincides with
the DTA peak temperature, within experimental
crrorsof T,. + 5 C.

4.1. Characterization of viscosities at
crystallization temperatures

The beam-bending viscosity data for selected glusses

are shown in Fig. 4. In order to determine the viscosity
at crystullization temperature, which is outside the
meusured runge, the temperature dependence of the
viscosity, n. was fitted by Fulcher's equation (cf. Equa-
tion 4).
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Figure 3 Comparison of dilatometry sintering completion temper-
atare, Fota the DTA erystallization peak temperature. 7, Both
temperatures were obtained at CHR of 10 Cmin ! using ball-
nulled powders. .
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Figure 4 Viscosity temperature data for few glasses. Marks are
observed beam-bending data. solid lines are Fulcher's equation fit
entrapoliated up o [, For ghass codes refer to Table [ (%) BG.
1@) BGZ 2.5 (M) BGA 2.5 141 BGK 2.8

Because a narrow region of the n-T plot is meas-
ured. to fit reliably to Fulcher'’s equation, a data point
far away from the region of measurements or
i Fulcher's constant. T,,. is nceded. In order to estim-
iate £y from 7,0 which can be measured, 7, 'T,, versus
mol % glass formers (*oGF) of various oxide glasses
reported in the literature [21, 26 -33] was plotted in
Fig. 5. The justitication for Fig. § is made in Appendix
3. In the region of interest, Le. 579 66.7 mol % glass
formers, the T, T, ratio. expressed in K K ™', depends
on mole per cent glass former as

To Ty — DD125(MGEF) + 062 9}

For three BiQ SiO, glasses, the experimentally
observed low temperature viscosity data of current
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glasses. (@) Lillie™s ghisses. 1%) NaaO-28510 . glass,

reseirch and the melt viscosity data from the literature
[34] were fitted to Fulcher's equation, using the least
square refining method [35]. The resulting 7, 7,
values, of 141 144 and 146 with the respective mole
per cent glass former being 64.3, 65.2 and 66.1. agree
very well with Fig, 5

For the present series of glasses, 7, at fog n =13
wius deduced from the observed beam-bending data
{10° 10", With the known values of T, and mol *u
GF. using Equation 9. T}, wis obtained. With this
Ty value the observed n 7 data were fitted to
Fulcher's equation. using the least square refining
method. The results are shown in Fig. 4 and are
tabulated in Table HI along with the calculated vis-
cosities at two different crystallization characteristic
temperatures. namely. the erystallization start temper-

TABLE 111 Viscosity data for selected glasses

ature. 7. and the crystallization peak temperature,
T, The average 3o (o is the standard deviation) in
logn of the fitis 0.16. This range in 3o is well within
that (0.20) observed for the NBS standard glasses.

4.2, Characterization of CHR sintering

Crystallization characteristics determined from DTA
and CHR sintering results are shown in Table | for
various glasses. The initial relative density. pg. with
68.7 + 3", was ncarly constant. independent of com-
position. First the sintering characteristics were evalu-
ated for the glasses with 2.5 mol % oxide additions to
the base glass (BG) (cf. Tuble L. set A). Noting the
beneficial etfects of certain oxides. the investigation
was extended to higher mole per cents for certain
oxide additives to BG (cf. Table L. set B). The resuits
are plotted in Fig. 6. in terms of the relative density
achieved. From Fig. 6. it can be seen that additions of

“alumina and zirconia to the base gluss increase greatly

the per cent relative density achieved on sintering to
Fo t"a pp ) Small amounts of PO« increase it. while
larger amounts decrease it In fact the composition
BGPSO having S mol "e PO« producing white gluss
picces on cooling (possibly phase separated), did not
sinter at all. 1t appeirs that the observed maximum in
Fig. 6 for P.O additions is due to a phasc-separation
cifect on sintering. Addition of Na,O deereases the per
cent py achieved and those of KO, BaO. B.O,. TiO,
and Si0, have minimum eifect.

4.3. CHR sintering versus crystallization
viscosities

Fig. 7 is a piot of per cent ppagainst viscosity (ny) at

the crystallization peak temperature. It shows that

lower the 1, . the higher is the per cent p, achieved.

supporting Equation 6. although the data scatters for

percent pyp > 95,

Ciliass Fulcher's equation constants Crystallization viscosties?
No, Code t B I Ch Log iy, Log n,,
1 BG - 2074 46216 407.5 764 *0l
2 BGP 25 ~ 2849 47330 989 6.69 SY8
} BGZ 2.5 2.216 43724 4393 742 608
4 BGH 2.8 -1 K149 RUAR 768 L)
s BGA 2.5 - 218 42658 1201 Rl 6.0
t BGK 2.4 - 1.225 219 LU AR 786 7.0}
7 BGN 2.8 - 0,146 RLRYAC) BRRX R RALY N78
N 1HGS 2.8 -3 48204 RU2 Y 72 ca2
12 BGA S 1.5%5 469.2 4518 27 6ll
13 BGA 7.5 - 0470 6979 4840 699 6
14 BGA 10 0006 14649.2 J96.8 684 (¥ ]
14 BGzZ 8 1K1Y 42166 4721 14 612
16 BGZ 7.8 - 2200 43921 5216 7.3 6
17 BGZ 10 - 124 4050.1 8506 665 628
1% BGS § - 2705 47048 N7 SO8 T8
14 naGH 8 - LA 5079.6 RUAR] x42 T80
n nGp 224 - Mooy 46939 02,6 658 6.2
* For estimuted particle size cunge I8 -53 yum ut 1) Cmin '
6761




Relative density (sintered to 7p) (%)

2 4 € 8 10

Oxides added (mot %)

Figwre & Ffect of oxde addibons to the base glass, BGL on the
sintered density. (9, = average mtal Yo relatinve densiy, 27060 36
mesh powder was heated up io [, at CHR of 10 C min

The scatter in per cent pp =93 data, especalls
Glasses 13 and 14 in Fig. 7. nught be due to ditlerning
volume fractions ol crystals for vanous glisses ~m-
tered to 7. The error assoctated with sormalizing the
sintered density with respect to the density of shasses
without taking into account the density of erysadbine
species present. might give rise wo scatter i the data,
Also. 1 the temperature region I, 7, et g b
viscosity of the sample can increase due to erstalliza-
tion. whereas viscosuty at 7, way ostimated without
considering the etfect of crystatlization. These ditlicul-
ties should be minimized when per cent relative dens-
iy obtamed by sintering to the eryvstallization start
temperature. £ (" b s compared to the viscosity
at that temperature. (1, ). The glasses in Fig. 7 were
sintered up to 7 and the results are plotted in Fige ¥
The scatter in the per cent py > 9518 indeed lower in
Fiz o compared with b in kg 7

Comparison o! pereent py owith pereent py datain
Table I reveals that onlv a smail amount of sintering
occurs bevond 7. indicating that viscosity at the
crystallization start temperature. (n, ) s 4 better
parameter than the viseosity at the cerystallization
peak temperatuie. (1, 1 Consistently the difatometric
data shown in Fig. 2 show the slowing down ot the
shrinkage rate when tie temperature approaches the
sintering completion temperature. which s nearly
the same as 77,

[t might be speculated that the apparent maximum
per cent linear shrinkage shown in Fig. 2 would cor-
relate with the viscosity at the smtering completion
temperature, 7. or the crystallization peak temper-
ature. T, shownan FTable 1) Although the appurent
maximum per cent lincar shrinkage mcreases s the
viscostty at the crystaihization peak temperature de-
creases. the data scatter a lor, This might be due to the
maximum linear shrinkage observed in didatometry
being a combination of two effects (i) shrinkage due to
densification of the sampie, and () shrinkage due to
viscous flow of the glass under the dilatometer spring
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5. Conclusions

t. The CHR sintering of glasses practically stops at
the crystallization temperature.

20 Additions of AL-Oand ZrO; 1o 357 BaQ) 643
S105 tmol "w glass mcrease the sinterabibity, that of
Ni O decreases 1t and those of TiOL BaO. B.O,,
K0 and SiO- have marginal effects. Further, small
additions (up to ~ 08 moi ") of PLO< increase the
sinterability while lareer additions decrease 1t con-
siderably due to probable phise separation

3. The per cent relatne sintered density achieved
has an inverse relationship with the viscosity at the
crvstatiizavon temperature, namely, the lower the vis-

Ty




cosity at the crystallization temperature, the higher is
the sintered density achieved.

4. Of the two temperatures characteristic of crystal-
lization. namely, crystallization start temperature (T
and crystallization peak temperature (7,,), T, is more
relevant in determining sinterability. i.e. the viscosity
at the crystallization start temperature. (ny,). has bet-
ter corrclation with the viscous sinterability of crystal-
lizable glass systems, -
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Appendix A. Derivation of
frdTim = [(Ti - 75)%/(2.303 Bny,)]
Fulcher's equation is
togn = A + [B(T - T,)] (A

Substituting A’ = ¢*3"3 and B’ = 2.303B. Equation
Al can be expressed as

no= ATl (A2)
Thus
JdT/n = AT/ ek or-Ton (A3)
Letting
Iny = —~ BT - Tydory = e HU-Ta Ay

and differentiating we get
diny = (n?y B)dT {AS)

Substitution of Equations A4 and AS into Equation
AZ gives

JdT'n = [B A']Jdyiln?y) (A6)

The RHS integral in Equation A6 can be cvaluated
and approximated as follows

fdy (in®y] = [vdn? 0] +21ny) + 16 In*p)

+ 2%y + ... ] 2 vdnty
(A7)

This upproximation is valid in the presem case, be-
cause the seccond and higher order terms are smaller
than unity in the temperature range of interest. i.c.
Ty T,. The maximum magnitudes of the second and
higher order terms correspond to 7y = T, and using
the typical values of B 4000 C, 7, =500 C
{¢ef. Table 1) and (T,)y,, = 10O C (cf. Table h.
In v = - 5 (cf. Equation A4),

Substituting Lquation A7 into Equation A6 and
integrating in the runge of 15-77 and ny [ = infinity]
to ny,. and substituting back B = B'/2.303. we get the
equation in the text. namely

r
J' dT/l’] X [(Tr - T")1112-303 B nr’]

n

Appendix B. Justification of Fig. 5

There ure theoretical attempts to predict the Fulcher's
constant, Ty 139, 40] based on excess entropy at glass
transition temperature. S,, 5, being finite and con-
stant (cf. footnote p. 24 of [41]). 8., r, is defined as

T,
Sex1, = f AC,dIn T (A8)
To
where AC, = C,, - C,,.C,, is the heat capacity
under constant pressure of liquid state and C, , is the
heat capacity under constant pressure of the glassy
state. Reasonable approximation for AC, proposed
[40] is constant/ 7. where T is any temperature. Thus

ACATT = AC/TT, (A9)

where AC(T))is the difference in the heat capacities of
liquid state and glassy state at 7,. Substituting Equa-
tion AY into Equation A8 one can derive

S

ecl Iy,

r,
f AC,din T
.

]

r,
j [ACATT, T1din T
Ta

I

ACJUTNT S~ 1 T,
ACATHT, [0 Ty - (1 T
ACUTIUT, Toy = 1] (A10)

Equation A10 suggests that for the excess entropy
at the glass transition temperature 10 be constant, as
ACTOT. [T, T) — 11, Because 7,'Ty is always
greater than one, [T, T,] has to decrease when
ACHT,) increases.

Strong network liquids. such as SiO;. show little or
no change in C,at 7 (ef. Fig. 6. p. 39 of [41]). Thus for
pure SiO, glass AC,(T,) is small and from Equation
A0 for S, ¢ to be constant. 75, T, has to be large. in
accordance with its nearly Arrhenius n-7T relation-
ship. On the other hand. non-network liquids. such as
lithium acetate (¢f. Fig. 6. p. 39 of [41]). show large
ACHT,) und from Equation A0, for S, ,, to be con-
stant. 7, 7, has to be small. in accordance with their
observed non-Arrhenius 0 - T relationship. Because
addition of network moditiers to SiO; glass degrades
its network structure. one can approximate that as the
mole per cent glass formers decreases in a silicate glass,
its-AC,(7T,) will increase and consequently its T,,'T,
ratio will decrease. to keep S,y constant. This is the
trend observed in Fig. 5.
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